DNA-damage tolerance protects cells via at least two sub-pathways regulated by proliferating cell nuclear antigen (PCNA) ubiquitination in eukaryotes: translesion DNA synthesis (TLS) and template switching (TS), which are stimulated by mono-and polyubiquitination, respectively. However, how cells choose between the two pathways remains unclear. The regulation of ubiquitin ligases catalyzing polyubiquitination, such as helicase-like transcription factor (HLTF), could play a role in the choice of pathway. Here, we demonstrate that the ligase activity of HLTF is stimulated by double-stranded DNA via HI-RAN domain-dependent recruitment to stalled primer ends. Replication factor C (RFC) and PCNA located at primer ends, however, suppress en bloc polyubiquitination in the complex, redirecting toward sequential chain elongation. When PCNA in the complex is monoubiquitinated by RAD6-RAD18, the resulting ubiquitin moiety is immediately polyubiquitinated by coexisting HLTF, indicating a coupling reaction between mono-and polyubiquitination. By contrast, when PCNA was monoubiquitinated in the absence of HLTF, it was not polyubiquitinated by subsequently recruited HLTF unless all three-subunits of PCNA were monoubiquitinated, indicating that the uncoupling reaction specifically occurs on three-subunitmonoubiquitinated PCNA. We discuss the physiological relevance of the different modes of the polyubiquitination to the choice of cells between TLS and TS under different conditions.
INTRODUCTION
DNA-damage tolerance (DDT) pathways protect cells from a wide variety of endogenous and exogenous genotoxic agents by recovering stalled DNA replication caused by insult to DNA. At least two sub-pathways regulated by proliferating cell nuclear antigen (PCNA) ubiquitination at the conserved lysine residue K164 exist in humans (1,2), translesion DNA synthesis (TLS) and template switching (TS). TLS is stimulated by PCNA monoubiquitination catalyzed by an E2-E3 complex, RAD6-RAD18 (3) (4) (5) , and is potentially error-prone because of the miscoding nature of most damaged nucleotides, whereas TS is theoretically accurate (error-free). TS is promoted by K63-linked polyubiquitination of PCNA catalyzed by the combined actions of the RAD6-RAD18 complex and another E3-E2 pair, such as helicase-like transcription factor (HLTF) and MMS2-UBC13 (1, 6, 7) .
HLTF is a human homologue of the SWI/SNF-related ubiquitin ligase RAD5 of the yeast Saccharomyces cerevisiae (6, 7) . HLTF/RAD5 is a multi-functional protein consisting of multiple domains. The HIRAN (HIP116, Rad5p N-terminal) domain (8) is located at the N-terminal, and the RING domain is inside the large SWI/SNF helicase domain. HIRAN is a 3 -OH-binding-module, and its biochemical activity is required for replication fork reversal together with the SWI/SNF helicase domain (9) (10) (11) (12) (13) (14) (15) . The RING domain is required for the polyubiquitination of PCNA (6, 7, (16) (17) (18) , and is involved in the monoubiquitination of PCNA (19) . In addition, HLTF catalyzes D-loop formation without requiring ATP binding and/or hydrolysis (20) . As a transcription factor, HLTF controls many genes involved in a variety of cellular processes through its capacity to specifically bind to DNA sequences (21) .
TLS and TS operate differently at each cell stage depending on the type of DNA lesion and the level of damage. Yeast genetics has provided extensive evidence and in-sights. In response to chronic low-dose ultraviolet (CLUV) irradiation (0.18 J m −2 min −1 ), TS is the predominant pathway, and the contribution of TLS is negligible for survival. Defects in TS are not rescued by the remaining TLS (22) , indicating that TLS and TS are not interchangeable. The possibility that TS precedes TLS was proposed based on experiments in which cells exposed to acute methyl methanesulfonate (MMS) treatment (0.033%, 30 min) were released into S phase (23) . However, another study with CLUV showed a synergistic effect in TLS-and TS-deficient mutants, indicating that TLS and TS are interchangeable for survival (24) . Under exposure to low-dose MMS (0.001%), cells have a preference for TS, which operates earlier, whereas TLS is executed later. Under such conditions, defects in TS are rescued by TLS and vice versa, demonstrating that the pathways are interchangeable (25) . However, in cells exposed to acute UV irradiation with 10 J m −2 in G1 phase, TLS operates predominantly in the subsequent S phase, and TS functions marginally for survival. Defects in TLS are not rescued by the remaining TS (26) . Although the relative contribution of TLS and TS differs under the respective experimental conditions, these studies demonstrate that DDT is not required for bulk genome replication, because DDT-deficient cells can replicate through damaged DNA without delay despite their arrest at G2 (22) (23) (24) (25) (26) . Limiting TLS or TS to the G2 phase promotes damage tolerance, indicating that DDT acts on gaps left behind the replication fork (postreplicative) (23, 25, 26) . The postreplicative nature of DDT is also demonstrated by visualization of gap-repair synthesis and sister chromatid junctions (26) (27) (28) . In contrast to the above observations, TS-deficient cells that are released from G1 in the presence of 0.033% MMS progress slowly through S phase, whereas such delay is not observed in TLS-deficient cells. This suggests that TS functions during DNA replication in the DDT to relatively high-dose MMS-induced DNA damage (29) . Impediment to DNA replication in TS-deficient cells is also observed in cells exposed to acute adozelesin treatment (30) . This impediment is also observed in DDT-deficient cells in response to acute UV irradiation with 40 J m −2 in G1 phase (26) . In mammalian cells, TLS operates potentially in both the S and G2 phases. The S-phase mode plays a role in fork progression, and the G2-phase mode is required for gap-filling after bulk genome replication (31) (32) (33) (34) (35) . The UV hyper-mutability of pol -deficient human cells implies that TLS is predominant in the response to cyclobutane pyrimidine dimer (CPD), and the lesions are not channeled to TS (36, 37) . By contrast, overexpression of K63R mutant ubiquitin and downregulation of pol synergistically sensitize human cells to UV irradiation, suggesting that a DDT pathway stimulated by K63-linked ubiquitination and a TLS pathway involving pol are interchangeable for survival (38) . TS promoted by PCNA polyubiquitination has not been clearly demonstrated in mammalian cells; however, the presence of a homology-dependent repair (HDR) pathway has been demonstrated by which DNA fragments containing defined lesions are integrated into the chromosome (39, 40) . In mammalians, TLS or HDR is selected depending on the type of DNA lesion and the clustering of closely opposed lesions, supporting that TLS and HDR are interchangeable (39, 40) . These results from yeast to humans indicate that, in certain situations, the selection of TLS or TS is defined at the time of onset and the pathways are not interchangeable, whereas under specific conditions, TLS and TS are interchangeable. Despite these extensive analyses, the molecular basis determining the choice between TLS and TS remains to be determined.
We previously provided biochemical evidence that HLTF is a DNA-dependent ubiquitin ligase that generates a ubiquitin chain on UBC13 of the complex with MMS2 (18) by seesaw reactions (41) . HLTF does not transfer the ubiquitin chain to monoubiquitinated PCNA, but rather to the ubiquitin moiety of RAD6∼Ub of the complex with RAD18 (18) . Polyubiquitination of PCNA is mediated by direct transfer of the resulting thiol-linked ubiquitin chain on RAD6 to unmodified PCNA in a reaction catalyzed by RAD18 (18) . This result suggested the existence of a mechanism via which TLS and TS are independently regulated (18) . By contrast, other studies showed that monoubiquitinated PCNA is the substrate of RAD5 for subsequent polyubiquitination (16, 17) , indicating that TLS can be channeled to TS. The biochemical regulation of the two different modes of PCNA polyubiquitination, en bloc chain transfer and sequential chain elongation, remains to be clarified.
In the present study, we elucidated the regulatory mechanism underlying the ligase activity of HLTF. The results demonstrated that the polyubiquitination of PCNA by HLTF is mediated by three different pathways determined by replication factor C (RFC) and the levels of PCNA monoubiquitination. Based on the biochemical properties of HLTF identified in the study, we discuss the physiological relevance of the different modes of polyubiquitination for the choice between TLS and TS in different cellular situations. E1,  MMS2-UBC13,  RAD6-(RAD18) 2 ,  RAD6-(  his RAD18) 2 , HLTF, his HLTF, ubiquitin, replication protein A (RPA), PCNA, RFC and their mutants were purified as described previously (18, (42) (43) (44) (45) (46) . Three-subunitmonoubiquitinated PCNA and partially monoubiquitinated PCNA with histidine-tagged ubiquitin were prepared as described previously (18, 47) . Protein concentrations were determined using the Bio-Rad protein assay with BSA (Bio-Rad) as the standard.
MATERIALS AND METHODS

Proteins
A truncated mutant of the HIRAN domain consisting of 230-1009 amino acid residues was purified as a histidine-tagged protein ( his HLTF N ). Column chromatography was performed at 4
• C on an AKTA system (GE Healthcare Life Science) using columns from GE Healthcare. The truncated mutant was cloned into pBAD22A (obtained from the National BioResource Project, National Institute of Genetics, Mishima, Japan) with the N-terminal histidine-tagged sequence of pET15 (Novagen), resulting in pBAD-hisHLTF N. BL21 (DE3) (48) harboring pBADhisHLTF N was grown in 2 l of SB medium (49) supplemented with ampicillin (250 g/ml) at 15
• C. K164R and PCNA was purified as follows: fragments encoding PCNA and the histidine-tagged PCNA(K164R) mutant were cloned into pET21 (Novagen) and pACYCDuet-1 (Novagen), yielding pET21-PCNA and pACYC-hisPCNA(K164R), respectively. The N-terminally histidine-tagged sequence was obtained from pET15. BL21 (DE3) harboring pET21-PCNA and pACYC-hisPCNA(K164R) was grown in 4 l of LB supplemented with ampicillin (250 g/ml) and chloramphenicol (30 g/ml) at 15
• C. The proteins were induced with 0.2 mM IPTG for 8 h, and then purified by sequential chromatography on Ni 2+ -charged HiTrap chelating HP, HiTrap Q FF and Superdex 200 columns. The peak fraction, which contained both his PCNA K164R and PCNA, was frozen in liquid nitrogen and stored at −80
• C. GST-fusion proteins were purified as follows: GSTfusion genes were cloned into pET21 (Novagen). BL21 (DE3) harboring each plasmid was grown in 2 l of LB supplemented with ampicillin (250 g/ml) at 15
• C. The protein was induced with 0.2 mM IPTG for 7 h and then purified by sequential chromatography on GSTrap FF and Superdex 200 columns. The peak fraction was frozen in liquid nitrogen and stored at −80
• C. 
DNA
A quantification system of ubiquitin molecules in chains
To make a standard, a mixture of K63-linked ubiquitin chains was generated by HLTF. A reaction mixture (300 l) containing 20 mM HEPES-NaOH (pH 7.5), 50 mM NaCl, 0.02 mg/ml BSA, 1 mM dithiothreitol (DTT), 10 mM MgCl 2 , 1 mM ATP, E1 (10 pmol), MMS2-UBC13 (190 pmol), ubiquitin (2 nmol) and HLTF (63 pmol) was preincubated at 30
• C for 2 min, and the reaction was initiated by addition of poly(dA)-oligo(dT) (1.8 nmol as nucleotides) for 10 min. The reactions were terminated by addition of 300 l of sample-loading buffer [100 mM Tris-HCl (pH 6.8), 200 mM DTT, 4% sodium dodecyl sulfate (SDS), 0.1% bromophenol blue, 20% glycerol] for SDS-PAGE and heating at 95
• C for 5 min. The amount of total ubiquitin in the mixture of chains was determined using a K63-linked tetraubiquitin chain (Boston Biochem, UC310) as the standard. Both the mixture of K63-linked ubiquitin chains and the tetra-ubiquitin chain were used as standards. To quantify ubiquitin molecules in chains in reaction samples, various amounts of the standard chains were loaded next to the samples and analyzed by western blotting.
Ubiquitin chain-formation assay by HLTF
The reaction mixture (25 l) contained 20 mM HEPESNaOH (pH 7.5), 50 mM NaCl, 0.02 mg/ml BSA, 1 mM DTT, 10 mM MgCl 2 , 1 mM ATP, E1 (0.85 pmol), MMS2-UBC13 (16 pmol), ubiquitin (174 pmol), HLTF (1.3 pmol), and DNA unless otherwise indicated. Reaction mixtures were prepared on ice and then incubated at 30
• C for 10 min unless otherwise indicated. The reactions were terminated by addition of 25 l of sample-loading buffer [100 mM TrisHCl (pH 6.8), 200 mM DTT, 4% SDS, 0.1% bromophenol blue, and 20% glycerol] for SDS-PAGE. For non-reducing conditions, reactions were terminated by addition of urea-SDS buffer [50 mM Tris-HCl (pH 6.8), 4% SDS, 4 M urea, 0.1% bromophenol blue, and 10% glycerol] followed by incubation at 37
• C for 30 min before loading gels. Products were analyzed by western blotting.
HLTF binding to M13mp18 ss or double-stranded (ds) DNA tethered to magnetic beads
The 5 -biotinylated primer (CTCTCTCTCTCTCTCT CTCTCAGGGTTTTCCCAGTCACGACGTTGTAA AACGACGG) was annealed to ss M13mp18 DNA. To convert ss M13mp18 DNA into dsDNA, 650 ng of ss M13mp18 DNA annealed to the biotinylated primer was incubated with 10 U of T7 DNA polymerase (New England Biolabs) in a reaction buffer containing 0.33 mM each of dGTP, dATP, dTTP and dCTP at 37
• C for 15 min. The reaction was terminated by addition of EDTA, and the enzyme was inactivated at 75
• C for 20 min. DNA was recovered by precipitation with isopropanol. An amount corresponding to 150 pmol nucleotides as ss M13mp18 DNA or 300 pmol nucleotides as ds M13mp18 DNA was immobilized onto a 10 l suspension of streptavidin magnetic beads M280 (Dynabeads) in DNA-binding buffer [20 mM HEPES-NaOH (pH 7.5), 50 mM NaCl, 0.2 mg/ml BSA, 1 mM DTT, and ubiquitin (174 pmol)] by incubation at room temperature for 30 min, followed by two washes with the same buffer of 25 l each using a Dynal magnet. Note that ubiquitin prevented non-specific protein binding to the beads. After incubation with HLTF (1.3 pmol) in buffer (25 l) containing 20 mM HEPES-NaOH (pH 7.5), 50 mM NaCl, 0.2 mg/ml BSA, 1 mM DTT, 10 mM MgCl 2 , 1 mM ATP, and ubiquitin (174 pmol) at 4
• C for 2 min, bound and unbound fractions were separated using the Dynal magnet and analyzed by western blotting with an anti-HLTF antibody.
Assembly of proteins on multiply primed M13mp18 ssDNA tethered to magnetic beads
The 5 -biotinylated primer was annealed to the multiply primed ss M13mp18 DNA. An amount corresponding to 150 pmol nucleotides of ss M13mp18 DNA backbone containing 0.43 pmol of 3 -OH was immobilized onto a 10 l suspension of streptavidin magnetic beads M280 in DNAbinding buffer by incubation at room temperature for 30 min and chilled on ice. The buffer condition was then adjusted in the reaction mixture (25 l) to 20 mM HEPESNaOH (pH 7.5), 50 mM NaCl, 0.2 mg/ml BSA, 1 mM DTT, 10 mM MgCl 2 , 1 mM ATP, RPA (7.3 pmol), PCNA (1.0 pmol trimer), RFC (1.2 pmol), and ubiquitin (174 pmol) unless otherwise indicated. After incubation at 30
• C for 1.5 min, reactions were terminated with 1.2 l of 500 mM EDTA, and the mixtures were immediately chilled on ice. Subsequent washes to remove unbound proteins were performed at 4
• C using the Dynal magnet with 40 l of wash buffer [20 mM HEPES-NaOH (pH 7.5), 0.6 M NaCl, 0.2 mg/ml BSA, and 1 mM DTT] four times. Then, the beads were incubated in a reaction mixture (25 l) containing 20 mM HEPES-NaOH (pH 7.5), 50 mM NaCl, 0.2 mg/ml BSA, 1 mM DTT, 10 mM MgCl 2 , 1 mM ATP, HLTF (1.3 pmol) and ubiquitin (174 pmol) at 4
• C for 2 min, and washed with wash buffer four times. The beads were then incubated in a reaction mixture (25 l) containing 20 mM HEPES-NaOH (pH 7.5), 50 mM NaCl, 0.2 mg/ml BSA, 1 mM DTT, 10 mM MgCl 2 , 1 mM ATP, E1 (0.85 pmol), MMS2-UBC13 (16 pmol), RAD6-(RAD18) 2 (0.62 pmol), and ubiquitin (174 pmol) at 30
• C for 5 min unless otherwise indicated. The reactions were terminated by addition of sample-loading buffer (25 l), and products were analyzed by western blotting.
Polyubiquitination of PCNA in bulk reaction
The reaction mixture (25 l) contained 20 mM HEPESNaOH (pH 7.5), 50 mM NaCl, 0.2 mg/ml BSA, 1 mM DTT, 10 mM MgCl 2 , 1 mM ATP, E1 (0.85 pmol), RAD6-(RAD18) 2 (0.62 pmol), MMS2-UBC13 (16 pmol), ubiquitin (174 pmol), HLTF (1.3 pmol) and poly(dA)-oligo(dT) (150 pmol as nucleotides) unless otherwise indicated. Reaction mixtures were prepared on ice, and then incubated at 30
• C for 10 min unless otherwise indicated. The reactions were terminated by addition of sample-loading buffer (25 l). Products were analyzed by western blotting.
DNA replication assay
DNA polymerase assays were performed as described previously (46) . The standard reaction mixture (25 l) contained 20 mM HEPES-NaOH (pH 7.5); 50 mM NaCl; 0.2 mg/ml BSA; 1 mM DTT; 10 mM MgCl 2 ; 1 mM ATP; 0.1 mM each of dGTP, dATP, dTTP, and [␣-32 P]dCTP; 33 fmol (240 pmol for nucleotides) of singly primed ss M13mp18 DNA with the 36-mer primer CAGGGTTTTCCCAGTCACGA CGTTGTAAAACGACGG; RPA (9.1 pmol); PCNA (1.0 pmol trimer); RFC (0.26 pmol); polymerase ␦ (pol ␦; 0.38 pmol); E1 (0.85 pmol); MMS2-UBC13 (16 pmol); RAD6-(RAD18) 2 (0.62 pmol); ubiquitin (174 pmol); and the indicated amounts of HLTF. Reaction mixtures lacking pol ␦ were preincubated at 30
• C for 1 min, and reactions were started by addition of pol ␦. After incubation at 30
• C for 10 min, reactions were terminated with 2 l of 300 mM EDTA, and the mixtures were immediately chilled on ice. Samples (5 l) were spotted on DE81 paper (Whatman), which was washed three times with 0.5 M Na 2 HPO 4 . The amount of incorporated [␣-
32 P]dCMP into DNA was determined as the radioactivity retained on the paper. For electrophoretic analysis of replication products, 5 l samples were mixed with 1 l of loading buffer (150 mM NaOH/10 mM EDTA/6% sucrose/0.1% bromophenol blue) and electrophoresed on 0.7% alkaline-agarose gels as described previously (50).
Co-immunoprecipitation
A HLTF-disrupted U-2 OS cell (HLTF −/− ) was generated by the CRISPR/Cas9 system. Mutations in both alleles (one and two base deletions) as well as no HLTF signal by western blotting were confirmed (data not shown). Then, stable cell lines expressing 3× FLAG-tagged HLTF (HLTF −/− / 3xFLAG HLTF) and a vector-transfected cell line (HLTF −/− /vector) were established. The cell lines were maintained in Dulbecco's modified Eagle's medium (Wako) supplemented with 10% fetal bovine serum, 1× penicillin-streptomycin solution (Nacalai Tesque), and 0.4 mg/ml G418 at 37
• C with 5% CO 2 . After one wash with phosphate-buffered saline, cells were irradiated with UVC (15 J/m 2 ), incubated under the above-described conditions for 3 h, and harvested. The cells were suspended in lysis buffer [20 mM Tris-HCl (pH 7.6), 150 mM KCl, 10% glycerol, 0.5% NP-40, 1.5 mM MgCl 2 , 0.2 g/ml antipain, 0.2 g/ml aprotinin, 0.1 g/ml leupeptin, 0.08 g/ml pepstatin, 0.05 mM EGTA and 0.25 mM phenylmethylsulfonyl fluoride (PMSF)], and soluble materials were separated by centrifugation. The precipitates (insoluble fraction) were suspended in micrococcal nuclease buffer [20 mM Tris-HCl (pH 7.6), 100 mM KCl, 0.3 M sucrose, 0.1% Triton X-100, 2 mM MgCl 2 , 1 mM CaCl 2 and cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche)] and digested with MNase at 25
• C for 10 min. The reaction was terminated by addition of EDTA, and the MNase-soluble fraction (chromatin fraction) was collected by centrifugation. The chromatin fraction was incubated with anti-FLAG affinity gel (Sigma) at 4
• C for 2 h, washed three times with wash buffer [20 mM Tris-HCl (pH 7.6), 150 mM KCl, 10% glycerol, 0.2% Triton X-100, 5 mM MgCl 2 , 0.2 mM EDTA, 0.2 mM ␤-mercaptoethanol and 0.2 mM PMSF] and eluted with 0.2 mg/ml 3× FLAG peptide in wash buffer.
Pull-down assays
For a pull-down assay of PCNA with histidine-tagged proteins, a 3 l suspension of Profinity™ IMAC Ni-Charged Resin (BIO-RAD, #1560131) was resuspended in 10 l of binding buffer containing 20 mM HEPES-NaOH (pH 7.5), 50 mM NaCl, 10 mM imidazole, 0.2 mg/ml BSA and 1 mM DTT, and then incubated on ice for 5 min with 10 pmol of each protein. After washing the beads twice with 50 l of the binding buffer, 2.5 pmol of PCNA was introduced and incubated on ice for 5 min in 25 l of binding buffer. After washing the beads three times with 50 l of binding buffer, proteins bound to the beads were analyzed by western blotting with anti-PCNA antibody. After detection of the signals, the membrane was stained with Coomassie Brilliant Blue (CBB) to visualize the immobilized histidine-tagged proteins.
For a pull-down assay of RFC with histidine-tagged proteins, a 4 l suspension of Profinity™ IMAC Ni-Charged Resin was resuspended in 10 l of binding buffer containing 20 mM HEPES-NaOH (pH 7.5), 300 mM NaCl, 10 mM imidazole, 0.2 mg/ml BSA, 0.1% Triton X-100 and 1 mM DTT, and then incubated on ice for 5 min with 10 pmol of each protein. After washing the beads twice with 50 l of binding buffer, 2.6 pmol of RFC was introduced and incubated on ice for 10 min in 25 l of binding buffer. After washing the beads three times with 50 l of binding buffer, proteins bound to the beads were analyzed by western blotting with anti-RFC1 antibody. After detection of the signals, the membrane was stained with CBB to visualize the immobilized histidine-tagged proteins.
For GST-pull-down assays, an 80 l suspension of Glutathione Sepharose™ 4 Fast Flow (GE Healthcare, 17-5132-01) was washed with 500 l of equilibration buffer containing 20 mM HEPES-NaOH (pH 7.5), 200 mM NaCl, 0.2 mg/ml BSA and 1 mM DTT, and then incubated at 4
• C for 30 min with 27 pmol of each GST-fusion protein in 100 l of equilibration buffer. After washing the beads four times with 400 l of binding buffer containing 20 mM HEPESNaOH (pH 7.5), 50 mM NaCl, and 1 mM DTT, 10 pmol of PCNA or his HLTF was incubated at 4
• C for 5 min in 100 l of binding buffer. After washing the beads twice with 300 l of binding buffer, the beads were incubated with 20 l of elution buffer containing 20 mM HEPES-NaOH (pH 7.5), 300 mM NaCl, 1 mM DTT, and 10 mM glutathione at 4
• C for 30 min. The eluted proteins were analyzed by western blotting. After detection of the signals, the membrane was stained with CBB to visualize the immobilized GST-fusion proteins.
ATPase assay
The reaction mixture (25 l) contained 20 mM HEPESNaOH (pH 7.5), 50 mM NaCl, 0.2 mg/ml BSA, 1 mM DTT, 10 mM MgCl 2 , 1 mM [␥ -
32 P]ATP, poly(dA)-oligo(dT) (150 pmol as nucleotides), and the indicated amounts of HLTF. Reactions were initiated by addition of the enzyme, and incubated at 30
• C for 90 min. 
RESULTS
Quantification of ubiquitin chain synthesis catalyzed by HLTF
We previously demonstrated that the ligase activity of HLTF is strongly stimulated by DNA (18) , indicating that DNA is a regulatory factor for HLTF. To analyze the DNAdependent activation mechanism, we established a quantification system of ubiquitin in the chains. First, a mixture of Lys63-linked ubiquitin chains was generated through a HLTF-mediated reaction (MATERIALS AND METH-ODS and see also the next paragraph for details of the reaction). Second, the total amount of ubiquitin in the chains generated by HLTF from dimer to gel top was determined by western blotting with an anti-ubiquitin antibody using commercially available Lys63-linked tetra-ubiquitin as the standard (data not shown). Third, various amounts of tetraubiquitin ( Figure 1A , lanes 1-3 and 9-11) and the mixture of chains generated ( Figure 1A , lanes 4-8) were subjected to western blotting to determine the dynamic range as the standard. The signal intensities from dimer to gel top of each lane were plotted in a graph ( Figure 1B-D) , which showed a linear correlation between the signal intensities and loading amounts between 0.093 pmol of ubiquitin in the tetra-ubiquitin chain and 3.32 pmol of ubiquitin in the mixture of chains ( Figure 1B , range of shadowing in the background, and Figure 1C and D). Figure 1E shows another result obtained using larger amounts of the mixture of chains. The quantification results confirmed the linear correlation from 0.093 pmol of ubiquitin in the tetra-ubiquitin chain to 3.32 pmol in the mixture of chains ( Figure 1F , range of shadowing in the background, and Figure 1G ). Another linear correlation was observed between 3.32 and 16.6 pmol of ubiquitin in the mixture of chains ( Figure 1F , range of coloring in the background, and Figure 1H ). Based on these results, the amounts of ubiquitin in chains were measured using two standard curves, one for low amounts (0.093-3.32 pmol of ubiquitin) and one for high amounts (3.32-16.6 pmol of ubiquitin) of ubiquitin in chains.
The method was first applied to titration assays of HLTF (Figure 2A ). In the presence of E1, MMS2-UBC13, ubiquitin, and DNA, HLTF forms thiol-linked ubiquitin chains on UBC13 and then transfers the chains to free ubiquitin in solution, generating a mixture of ubiquitin chains linked to UBC13 and unanchored ubiquitin chains in solution (18) . Hereafter, the ubiquitin ligase activity generating UBC13-linked and unanchored ubiquitin chains is described as chain-formation activity. Treatment of the reaction products with standard SDS-PAGE sample-loading buffer containing a reducing agent to break thiol-linkages results in a mixture of only unanchored ubiquitin chains (18). In the following assays, the total amounts of ubiquitin in the unanchored ubiquitin chains generated by treatment with the reducing agent were quantified to measure the chain-formation activity. After a 10 min reaction with poly(dA)-oligo(dT) as a source of DNA, 1/10 of the total reaction products were loaded on the gel together with the standards (Figure 2A) , and the amounts of ubiquitin in the chains from dimer to gel top were measured. The total amounts of ubiquitin in chains in a 25 l reaction mixture were plotted ( Figure 2B ). Quantification data were obtained from two independent western blots ( Figure 2B ). The re-sults showed that the catalytic velocity of the reaction was 1.67 ± 0.14 min −1 under the reaction conditions used. Because HIRAN is one of the conserved motifs in HLTF/RAD5 family proteins (8) , it could be one of the regulatory factors for the ligase activity of HLTF. To determine whether HIRAN was involved in the chain-formation activity, a truncated mutant of the HIRAN domain was purified as a histidine-tagged protein ( his HLTF N ) ( Figure 5D and Supplementary Figure S1A) , and its activity was analyzed. The results of the titration experiment are shown in Figure 2A and C. Quantification data were obtained from two independent western blots ( Figure 2C) . The catalytic velocity of his HLTF N was 0.69 ± 0.10 min −1 , which was 2-3-fold lower than that of wild-type HLTF. These results confirmed that the quantification method was reproducible; quantification data were hereafter obtained from at least two independent western blots for each assay, and the average was plotted. A previous report concluded that deletion of HIRAN does not affect the ligase activity of HLTF (11); however, the assay system used to analyze the production of polyubiquitinated PCNA in the presence of RAD6-RAD18 with a double-stranded pUC19 plasmid nicked by the BstNBI enzyme is not suitable to detect the difference. In the following sections, we provide evidence of the role of HIRAN in the ligase reactions catalyzed by HLTF.
DNA containing the 3 -OH primer end most efficiently stimulates the chain-formation activity of HLTF
Determining the structure of DNA required for the stimulation of HLTF should provide information about where HLTF functions in cells. The quantification method was used to analyze the effects of various types of DNA on the chain-formation activity of HLTF. A titration experiment of poly(dA)-oligo(dT) showed that the chain-formation activity was stimulated in a dose-dependent manner ( Figure  3A ). Since poly(dA)-oligo(dT) is a 2:1 mixture of poly(dA) and 18-mer oligo(dT) as nucleotides, 150 pmol of poly(dA)-oligo(dT) contains 100 pmol of dA residues and 50 pmol of dT residues. To determine the specific poly(dA)-oligo(dT) structure required for the stimulation, poly(dA) and 18-mer oligo(dT) were examined individually ( Figure 3A ). Since poly(dA) has an exceptionally rigid structure mediated by strong base-stacking tendencies (51), we compared HLTF activity on poly(dT) with that on a typical and a generally more unstructured ssDNA (51) . We also tested M13mp18 ssDNA, which consists of ssDNA regions and dsDNA regions generated by intramolecular annealing, and bacteriophage and M13mp18 RF I as dsDNAs ( Figure 3B ). The results indicated that poly(dA) or 18-mer oligo(dT) itself did not stimulate HLTF, dsDNA was inefficient, and unstructured ssDNA was better than dsDNA. The stimulation with M13mp18 ssDNA could be largely attributed to its unstructured ssDNA regions, in addition to the minor contribution of its dsDNA regions. However, they were all less efficient than poly(dA)-oligo(dT). These results suggested that a structure in which the oligonucleotide is annealed to the ssDNA, probably at the 3 -and/or 5 -end, is important. To test this possibility, the 3 -or 5 -end of the 18-mer oligo(dT) was blocked by modification with a biotin molecule or a phosphate. The results obtained with the modified oligonucleotides annealed with poly(dA), which are shown in Figure 3C and D, indicate that 3 -OH, but not 5 -OH, is required for the efficient stimulation of the chainformation activity of HLTF.
Next, we examined whether the 3 -end had to be annealed to the template DNA to stimulate chain-formation activity, because stalled 3 -ends opposite damaged bases on the template do not always result in stable base pairing. To generate flaps at the 3 -end, one, two, or four dC residues were added to the 3 -end of the 18-mer oligo(dT). The modified oligonucleotides were annealed to poly(dA) and analyzed (Figure 3E) . The results demonstrated that poly(dA)-oligo(dT) with a one-base flap was as effective as poly(dA)-oligo(dT) without flap bases for stimulating chain-formation activity, whereas poly(dA)-oligo(dT) with two-or four-base flap was less effective for stimulating chain-formation activity (Figure 3E) . These results suggest that the key structure for the stimulation of the chain-formation activity is the primer end during DNA replication, which probably corresponds to a stalled 3 -end opposite damaged bases on the template strand.
Different properties of the HIRAN-truncated mutant his HLTF N
Since the HIRAN-truncated mutant, his HLTF N , exhibited reduced chain-formation activity (Figure 2 ), the role of the HIRAN domain in the activity was investigated. Unlike wild-type HLTF, his HLTF N was mostly stimulated by M13mp18 RF I, a dsDNA ( Figure 3F) , to a level comparable to that of the wild type stimulated by poly(dA)-oligo(dT). The effect of poly(dA)-oligo(dT) was considerably lower than that of the dsDNA ( Figure 3F ), and it was comparable to that of the wild type stimulated by poly(dA) annealed with 3 -modified oligo(dT) with biotin or phosphate ( Figure 3C and D) . In contrast to the wild type, poly(dT) was less efficient than M13mp18 ssDNA for stimulation, despite the fact that M13mp18 ssDNA stimulated his HLTF N as well as wild-type HLTF ( Figure  3F ). This suggested that stimulation with M13mp18 ss-DNA differed between wild-type HLTF and his HLTF N . Since his HLTF N was well stimulated by dsDNA, stimulation with M13mp18 ssDNA might be due to its dsDNA regions, in addition to a minor contribution of unstructured ssDNA regions. These results suggested that the HIRAN domain was required for the 3 -OH-dependent stimulation. Consistently, the effect of the 3 modification of oligo(dT) with biotin was marginal in the his HLTF N mutant ( Figure  3G) .
To examine the DNA-binding property of HLTF directly, M13mp18 ss or dsDNA was attached to magnetic beads, and a pull-down assay was performed ( Figure 3H ). As shown in Figure 3H , HLTF and his HLTF N bound to M13mp18 ssDNA with equivalent affinities, consistent with the results of ligase assays in which they were equally stimulated by M13mp18 ssDNA (Figure 3B and F) . By contrast, HLTF had a lower affinity for M13mp18 dsDNA, whereas his HLTF N showed a 3-fold higher affinity than HLTF (Figure 3H, bottom panel) . These results revealed several properties of the catalytic and HIRAN domains. The catalytic activity of HLTF is intrinsically stimulated to the highest degree by dsDNA. The HIRAN domain prevents direct loading of the catalytic domain onto dsDNA, whereas it helps in recruiting the catalytic domain to dsDNA via the 3 -OH of primer termini. However, the mechanism underlying the HIRAN domain-dependent enhancement of the stimulation with unstructured ssDNA, as shown with poly(dT) ( Figure 3B and F) , remains unclear. The weak interaction between ssDNA and the HIRAN domain (9,10) might be involved in the enhancement.
RFC and PCNA suppress the chain-formation activity of HLTF at the primer end
Because HLTF is apparently recruited to DNA structures of stalled primer termini, replication factors present around the primer termini during DNA replication might influence the ligase activity of HLTF. To examine the interaction between HLTF and replication factors present around the primer termini, 20 oligonucleotides (Supplementary Table S1) were annealed to M13mp18 ssDNA, generating a multiply primed M13mp18 ssDNA that was used for subsequent assays. Stimulation of HLTF by the multiply primed M13mp18 ssDNA was comparable to that induced by M13mp18 ssDNA itself ( Figure 4A ). The impact of the 3 -OH may have been masked by the effects of unstructured ssDNA regions of M13mp18 ssDNA. However, introduction of RPA had a stimulatory effect with the multiply primed M13mp18 ssDNA, whereas it had an inhibitory effect with M13mp18 ssDNA itself ( Figure 4B ), suggesting the specific stimulation of HLTF at the 3 -OH in the presence of RPA. By contrast, such properties were not observed in his HLTF N ( Figure 4D) . A possible explanation is that his HLTF N was activated by the remaining dsDNA regions generated by intramolecular annealing of M13mp18 ssDNA, even in the presence of RPA, and dsDNA regions of the multiply primed M13mp18 ssDNA ( Figure 4D ), since his HLTF N is accessible to dsDNA in a manner independent of the 3 -OH (Figure 3) . When RFC was introduced into this assay system with the RPA-coated multiply primed M13mp18 ssDNA in the presence or absence of PCNA, it strongly inhibited the chain-formation activity of HLTF, and PCNA enhanced the inhibition ( Figure 4C ). In the case of his HLTF N , the chain-formation activity was also inhibited in the presence of RFC and slightly enhanced by PCNA ( Figure 4E ). This result was unexpected because the chainformation activity stimulated by the dsDNA regions generated by intramolecular annealing of M13mp18 ssDNA ( Figure 4D ) should be insensitive to RFC and PCNA because of the lack of 3 -OH ends, which is required for RFC binding. Therefore, this result suggested that such dsDNA regions are missing in the RPA-coated multiply primed M13mp18 ssDNA. Both binding of 20 primers and RPA may have efficiently disrupted the secondary structure of M13mp18 ssDNA, and the chain-formation activity stimulated with RPA-coated multiply primed M13mp18 ssDNA ( Figure 4E ) could be attributed to only the dsDNA regions generated with annealed primers.
Next, the molecular mechanisms underlying the inhibitory effect of RFC shown in Figure 4C were examined using the RPA-coated multiply primed M13mp18 ssDNA attached to magnetic beads where proteins were assembled ( Figure 5A ). First, PCNA was loaded by RFC to the DNA molecules on the magnetic beads in the presence of RPA. The beads were washed to remove unbound proteins and incubated with HLTF. Unbound HLTF was washed away, and the chain-formation activity of the DNA-bound HLTF was measured by introduction of the E1 MMS2-UBC13 and ubiquitin. The bound proteins and reaction products were analyzed by western blotting. As shown in Figure 5B , equivalent amounts of RFC in the presence or absence of PCNA were detected in the bound fraction, and HLTF was just slightly reduced in the presence of RFC and PCNA (lanes 1-3) . Under these conditions, the chain-formation activity of HLTF was suppressed in the presence of RFC and further by PCNA (lanes 1-3) , as demonstrated by decreased specific activity (described at the bottom of Figure  5B ). This result reproduced the results of the solution assays ( Figure 4C ), and suggested that RFC and PCNA suppressed the chain-formation activity of HLTF on DNA, implying that HLTF specifically interacts with both RFC and PCNA. This is consistent with reports that HLTF associates with the replication fork (10), and RFC and HLTF are detected as components of a large complex isolated from human cells (52) (53) (54) . The present co-immunoprecipitation assay detected the interaction in UV-irradiated cells (Supplementary Figure S2 ).
To examine whether interactions between HLTF and RFC are involved in the inhibition, the mutant RFC complex RFC N555 , consisting of the N-terminally truncated RFC1, N555 (55), was tested ( Figure 5B and D) . RFC N555 similarly loaded PCNA onto DNA and permitted HLTF binding ( Figure 5B, lanes 1 and 4-5) . However, the results of the ubiquitin assay showed that RFC N555 was incapable of suppressing the chain-formation activity of HLTF (lane 4), which was recovered in the presence of PCNA (lane 5). These results supported that the N-terminal half of RFC1 is responsible for the suppression probably via interaction with HLTF.
Next, we analyzed the molecular mechanism underlying the suppression of HLTF activity by PCNA. We found that HLTF has a putative AlkB homologue 2 PCNA-interacting motif (APIM) (56) in its C-terminal region ( Figure 5D and E). To examine the involvement of the putative APIM in the suppression of HLTF activity, the F960A mutant was purified as a histidine-tagged protein, his HLTF FA (Supplementary Figure S1B ). Note that the chain-formation activity and ATPase activities of his HLTF FA were 3-4-fold and ∼2-fold lower than those of the wild type, respectively (Supplementary Figure S3 ). Since the F960 residue overlaps with the SWI2/SNF2 ATPase domain (Figure 5D ), the reduction in the chain-formation activity could be caused by malfunction of the ATPase, at least in part (29, 57) ; alternatively, as suggested in a previous report (58) , the F960A mutation could be independently responsible for reductions in both activities. However, several HLTF ATPase mutants showed that reduced chain-formation activity correlated with reduced ATPase activity, supporting the former possibility, although ATPase activity was not absolutely required for chain-formation activity (58) (Supplementary Figure S3 ). When his HLTF FA was assembled on the beads, the chain-formation activity of his HLTF FA was suppressed by wild-type RFC ( Figure 5B , compare lanes 6 and 7) but not by RFC N555 (compare lanes 6 and 9) even in the presence of PCNA (lanes 6 and 9-10), suggesting that the assumed APIM-PCNA interaction was involved in the PCNA-mediated suppression.
The assay system was used to examine his HLTF N . The chain-formation activity of his HLTF N isolated with the RPA-coated multiply primed M13mp18 ssDNA was considerably weaker than that of wild-type HLTF. Even in the absence of RFC, the activity was only 25% of that of HLTF under the suppressed condition in the presence of RFC and PCNA ( Figure 5C, compare lanes 1 and 4) , suggesting that the majority of the binding fraction of his HLTF N was not productive in this assay. Nonetheless, the effect of RFC and PCNA on inhibiting the binding of his HLTF N was determined ( Figure 5C , lanes 1-3, and Supplementary Figure S4 ). RFC and PCNA occupied a certain space in the primer-mediated dsDNA region, which could compete with productive his HLTF N binding. The remaining his HLTF N in the presence of RFC or RFC and PCNA exhibited marginal chain-formation activity, suggesting that the RFC-resistant binding fraction was not productive. The results of the binding assays indicated that the assumed RFC-HLTF and PCNA-HLTF interactions did not play a major role in ternary complex formation. Indeed, such interactions were hardly detectable in pull-down assays (Supplementary Figure S5) , supporting that the contacts between RFC-HLTF and HLTF-PCNA were weak, and although sufficient for suppression of the ligase activity, they did not support the formation of stable complexes. Thus, it will important to determine whether the putative APIM of HLTF actually functions as an APIM. Collectively, these results suggested that HLTF was loaded onto dsDNA via the primer ends by the HIRAN domain, and its chain-formation activity was suppressed by interactions with RFC and PCNA after loading at the primer end.
HIRAN domain-dependent competition between HLTF and DNA pol ␦ in the in vitro replication system
To determine whether HLTF was accessible to the primer ends during DNA replication with DNA pol ␦, DNA replication assays were performed with pol ␦ in the presence of ubiquitination enzymes and increasing amounts of HLTF ( Figure 5F and G). DNA replication with pol ␦ is not influenced by the presence of RAD6-RAD18 or monoubiquitinated PCNA (43) . HLTF associated with the primer ends in parallel with the dose-dependent inhibition of replication with pol ␦ (Figure 5F and G), indicating that HLTF possesses an intrinsic potential to associate primer termini by competition with DNA polymerases. The pattern of inhibition ( Figure 5F ) reflected a distributive action of HLTF (46) , suggesting dynamic competition with repeating association-dissociation cycles between pol ␦ and HLTF. The association of HLTF was dependent on the HIRAN domain and independent of the ubiquitination of PCNA ( Figure 5F and G). These results were consistent with the results of pull-down assays ( Figure 5B and C) , confirming that the interaction between the HIRAN domain and the 3 -OH plays a major role in complex formation at the primer ends.
Polyubiquitination of PCNA in the complex with RFC and HLTF at the primer end
To examine whether HLTF in which chain-formation activity was suppressed could polyubiquitinate PCNA, the RAD6-RAD18 complex was introduced into the ubiquitination reaction on protein-bound DNA beads ( Figure 6A ). As shown in Figure 6B , the introduction of RAD6-RAD18 resulted in the mono-and polyubiquitination of PCNA on DNA in the absence (lane 2) and presence (lane 3) of HLTF, respectively. Since a commonly used anti-ubiquitin monoclonal antibody, P4D1, is poor at detecting monoubiquitinated PCNA and ubiquitin monomers, probably because of its lower affinity for the single ubiquitin moiety and free ubiquitin, the ubiquitinated PCNA molecules were also visualized with anti-PCNA antibody. The results indicated that, even when the chain-formation activity was suppressed, HLTF in the complex was active in the polyubiquitination of PCNA. Therefore, the mode of polyubiquitination under these conditions was examined. First, we examined whether monoubiquitinated PCNA can be a substrate under these conditions. Three-subunit-monoubiquitinated PCNA was used instead of unmodified PCNA ( Figure 6C) . The results showed that monoubiquitinated PCNA was polyubiquitinated in the absence of RAD6-RAD18 (Figure 6C) , indicating a sequential reaction from monoubiquitinated PCNA to polyubiquitinated PCNA, as previously demonstrated in yeast RAD5 (16, 17) .
We previously provided biochemical evidence that monoubiquitinated PCNA is a poor substrate for polyubiquitination by HLTF (18) . In those experiments, we used partially monoubiquitinated PCNA as the substrate. However, it remained unclear why the monoubiquitinated subunits of the partially monoubiquitinated PCNA trimer are not targeted for the ligase reaction by HLTF. One possible explanation is that a subunit of the PCNA trimer cannot be polyubiquitinated until all three subunits are monoubiquitinated. Another possibility is that, when a subunit of the PCNA trimer that interacts with RFC and HLTF at the primer end is monoubiquitinated by RAD6-RAD18, only the resulting ubiquitin moiety can act as the substrate of HLTF. To examine these possibilities, we prepared hybrid trimers consisting of histidine-tagged PCNA K164R ( his PCNA K164R ) and untagged wild-type PCNA (Supplementary Figure S1C) . Since hybrid PCNA was purified via Ni 2+ affinity binding, at least one subunit in the trimer is the K164R mutant, and the three subunits are therefore not simultaneously ubiquitinated. The property of the hybrid PCNA in the reaction with M13mp18 ssDNA tethered on beads was examined next ( Figure 6D ). The results showed that hybrid PCNA could be polyubiquitinated when it was monoubiquitinated by RAD6-RAD18 ( Figure 6D , lane 4; see also Supplementary Figure S6 ). Next, we examined whether partially monoubiquitinated PCNA in the isolated complex could be polyubiquitinated. The ubiquitin moieties of partially monoubiquitinated PCNA were histidine-tagged to distinguish them from unmodified subunits ubiquitinated during the reactions (see Supplementary Figure S7 ). The results showed that partially monoubiquitinated PCNA itself could not be polyubiquitinated ( Figure 6E, lane 3) . In the presence of RAD6-RAD18, polyubiquitination of PCNA was detected ( Figure 6E, lane 4) , although the his Ub moiety was hardly polyubiquitinated, as shown by the migration of polyubiquitinated PCNA signals in a manner similar to that of unmodified subunits but not his Ub-modified subunits ( Figure 6E , lane 4, and see also Supplementary Figure S7) . The inefficiency of HLTF polyubiquitination of partially monoubiquitinated PCNA cannot be attributed to the histidine-tag of his Ub, because three-subunit-monoubiquitinated PCNA with his Ub was well polyubiquitinated (Supplementary Figure S7) . These results indicated that a mechanism couples the monoubiquitination of PCNA to its polyubiquitination in the complex containing RFC, PCNA, and HLTF at the primer ends.
Evidence of sequential chain elongation in the complex at the primer end
Since we identified a reaction condition in which monoubiquitinated PCNA behaves as the substrate for polyubiquitination, as previously shown in yeast RAD5 (16, 17) , we next examined the mode of polyubiquitination in this condition, namely, whether a preformed ubiquitin chain is transferred to monoubiquitinated PCNA in one reaction (en bloc transfer) or the ubiquitin chain is elongated step-bystep. To this end, two criteria for the en bloc transfer reaction were tested (18) . One is the accumulation of the thiol-linked ubiquitin chains on RAD6 when subsequent chain transfer is prevented. The other is constant ubiquitin chain length as a function of time (18) . First, the accumulation of thiol-linked ubiquitin chains on E2s was examined. As controls for blocked ubiquitination, the PCNA mutant PCNA K164R and three-subunit-monoubiquitinated PCNA with the ubiquitin mutant Ub K63R were prepared (18) . As shown in Figure 6F , subsequent ubiquitination was not observed in these mutants. Under these conditions, thiol-linked ubiquitin chains on RAD6 and UBC13 were analyzed ( Figure 6G) . The results showed that the chains on E2s were shorter than that detected on PCNA, and chain accumulation was not detected, suggesting that these chains are not direct intermediates for the polyubiquitination of PCNA, but rather secondary products generated in solution out of the complex. Next, the time course of the reaction was examined in the isolated complex. As shown Figure  6H , ubiquitin chains were elongated in a time-dependent manner. At 2 min, mono-and di-ubiquitinated PCNA were the predominant forms; the peak fraction was shifted to di-or tri-ubiquitinated forms at 5 min, and most of the monoubiquitinated PCNA was shifted to long polyubiquitinated forms at 10 min, followed by elongation to nearly gel top at 20 min. The majority of monoubiquitinated PCNA was converted to polyubiquitinated forms at 10 min. These results clearly indicated that polyubiquitination followed monoubiquitination with RAD6-RAD18 through step-bystep elongation.
Regulation of the mode of polyubiquitination by RFC
The regulation of the mode of polyubiquitination was examined next. We previously demonstrated that the en bloc reaction was predominant in the bulk reaction (18), whereas step-by-step elongation was the predominant reaction in the isolated complex. The crucial difference is the amount of RFC. In the former, catalytically sufficient amounts of RFC for loading PCNA were introduced, whereas in the latter reaction, stoichiometric amounts of RFC were used to form a complex at the primer ends. To determine the effect of the amount of RFC, polyubiquitination of PCNA was re-examined in the bulk reaction. As shown in Figure  7A , polyubiquitination of PCNA was detected in the presence of RFC at 0.06-0.97 pmol. The reaction was inhibited in the presence of the highest amounts of RFC at 1.9 pmol. The time courses of the reactions were analyzed in the presence of lower (0.06 pmol) or higher (0.97 pmol) amounts of RFC ( Figure 7B ). With a low amount of RFC, the reactions consisted of en bloc transfer, because chain length was constant over time. By contrast, with higher amounts of RFC, chain length increased in a time-dependent manner ( Figure 7B ). The same experiments were performed with three-subunit-monoubiquitinated PCNA without RAD6-RAD18 ( Figure 7C and D) . The results showed that three- One is a coupling reaction of mono-and polyubiquitination via direct chain transfer from RAD6∼Ub (n) to PCNA mediated by RAD18, as shown by a long red arrow (18) . The second is a twostep coupling reaction mediated by RFC, as shown by two consecutive red arrows. The details of this pathway are shown in (H). The third is an uncoupling pathway, as shown by three short black arrows. After all subunits of PCNA are monoubiquitinated, the PCNA molecule is polyubiquitinated by HLTF. The three-subunit-monoubiquitinated PCNA promotes not only TLS but also the third pathway for damage tolerance (63).
subunit-monoubiquitinated PCNA was also polyubiquitinated in the bulk reaction without RAD6-RAD18, and that this polyubiquitination was efficient in the presence of higher amounts of RFC ( Figure 7C ). The time courses demonstrated chain elongation with higher amounts of RFC, but not with lower amounts of RFC ( Figure 7D ). Partially monoubiquitinated PCNA was not polyubiquitinated without RAD6-RAD18 in the range of RFC examined (Supplementary Figure S8) . Finally, the accumulation of ubiquitin chains on RAD6 was examined using the bulk reaction with wild-type PCNA or PCNA K164R to prevent subsequent chain transfer. As shown in Figure 7E , ubiquitin chains on RAD6 were detected with lower amounts of RFC and the length of the chains was equivalent to that on PCNA ( Figure 7F ). When chain transfer was prevented with PCNA K164R , chain accumulation was detected on RAD6. By contrast, higher amounts of RFC inhibited chain formation on RAD6, and only short chains were detected on RAD6, confirming the step-by-step chain elongation on PCNA in the presence of higher amounts of RFC ( Figure 7E ). These results revealed a novel function of RFC in the regulation of HLTF, which determined the mode of polyubiquitination of PCNA ( Figure 7G ).
